Background Various scoring systems document improvement after TKA, but most are associated with a ceiling effect that may fail to distinguish between patients having different levels of knee function after TKA. We therefore developed a new scoring system for patients with higher levels of flexion to eliminate ceiling effects observed with current systems. Questions/purposes The purposes of this study were (1) to determine whether the high-flexion knee score eliminates the ceiling effect, (2) to assess the validity and responsiveness of the high-flexion knee score, and (3) to determine whether the high-flexion knee score can aid in differentiation of the knee status of patients at the ceiling level. Methods We prospectively studied 165 patients with 201 well-functioning knees who had undergone primary TKA. We obtained Knee Society scores, WOMAC scores, Feller scores, SF-36 scores, and high-flexion knee scores for all patients. The high-flexion knee score includes items that reflect knee function in the high functional range, such as sitting on or rising from the floor, squatting, or kneeling. We determined the ceiling effects and score distributions of various scoring systems. We performed a convergent validity test of the high-flexion knee score by correlation analysis with these various scoring systems. Responsiveness of the high-flexion knee score was assessed by correlation analysis of changes in various scoring systems.
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To determine whether the high-flexion knee score can aid in differentiation of knee status of patients at the ceiling level, relative responsiveness of the various scores in the ceiling versus below the ceiling range was determined. Results The high-flexion knee score showed no ceiling effect, whereas the other systems did. Addition of the highflexion knee score to the other scoring systems eliminated these ceiling effects and resulted in more normalized score distributions. The high-flexion knee score correlated (r = À0.77) with WOMAC in postoperative scores, and it also correlated with the changes in WOMAC (r = À0.69) and SF-36 physical functioning (r = 0.62). The correlation of WOMAC score with SF-36 physical function score was lower in patients at the ceiling level of the Knee Society knee score and Knee Society function score, compared with the correlation at below-ceiling range, whereas the high-flexion knee score maintained a correlation with the SF-36 physical function score, even at the ceiling level of the Knee Society knee score and Knee Society function score. Conclusions Compared with other systems, the highfunction knee score appears valid for evaluating the knee status in the high-flexion range. Our data suggest the highflexion knee score differentiates among the knee status in the high-function range. Furthermore, the high-function knee score eliminates the ceiling effect of the currently used scoring tools, and thus may be useful when combined with other scoring systems.
Introduction
Various clinical scoring systems are used to assess patients after TKA [2, 7, 8, 12] . These scoring systems aggregate weighted scores for pain, ROM, stability, alignment, and functional ability. Using these systems, pain and function of the knee after TKA have been reported by numerous investigators [4, 6, 18, 24] . However, discrepancy exists between assessment by these scoring systems and patient satisfaction with the function or symptoms after TKA [14, 21] . Although patient satisfaction is a complex phenomenon affected by many variables [7, 14, 21] , we believe the current scoring systems do not properly assess some aspects of knee status. For example, the Knee Society (KS) knee score [12] may not be sensitive enough to assess pain and function after the current TKAs, because, when using this system, most TKA scores are greater than 80 points at any time after surgery [12, 23, 29] . These similarly high scores suggest a ceiling effect, and these methods fail to differentiate between patients of more modest function from those who either expect or actually achieve higher levels of function after TKA, especially those who typically require more motion and/or greater strength and balance (ie, sitting on or rising from the floor, squatting for gardening or golfing, or kneeling for prayer, etc).
The KS knee score and function score assess only walking and stair climbing and fail to address more demanding physical activities, such as squatting, kneeling, or rising from the floor. For example, to achieve a maximum KS function score, patients need to be able to climb stairs and walk unlimited distances without the use of a walking aid, and active patients usually are able to meet these criteria. Accordingly, currently used KS scoring systems may be of little value for differentiation of functional status of patients in the high-function range who have had TKAs. The KS knee and function scores have not undergone formal validation and were developed on the basis of expert selection. The WOMAC score has been well validated, and addresses the activities of daily living, but ignores more demanding functions (ie, ''high-function'' ranges requiring greater motion or strength or balance). Furthermore, it also places less focus on more active patients in terms of delineating small functional differences in high-functional activities. Improvements in surgical technique and implant design have enabled some patients to regain knee function, even in the high-function range after TKA [9, 10, 15] . Further, with the improvements the indications have expanded to include younger patients with expectations of high function and high flexion. Accordingly, we suspect the proportion of patients with high scores at approximately the ceiling level also has increased. We therefore developed a new scoring system for assessment of the knee in patients in the high-function rangethe high-flexion knee score (HFKS) -to minimize the ceiling effect.
The purposes of this study were (1) to determine whether the HFKS eliminates the ceiling effect, (2) to assess the validity and responsiveness of the HFKS, and (3) to determine whether the HFKS can aid in differentiation of the knee status of patients at the ceiling level.
Patients and Methods
We prospectively followed 178 patients who underwent 214 posterior-stabilized fixed-bearing TKAs from August 2008 to February 2009. During that period, 204 patients underwent surgery, however, we excluded 11 with a history of knee infection and 15 who were unable to complete questionnaires owing to cognitive or language difficulties. Of the 178 eligible patients, 13 were lost to followup leaving 165 patients with 201 TKAs. The mean age of the patients was 68.7 years (range, 52-83 years). Diagnoses were osteoarthritis in 192 knees and rheumatoid arthritis in nine. This study protocol was approved by our institutional review board.
The HFKS questionnaire is composed of two pain items and seven function items (Table 1) , which we selected based on our experience (The Korean version is available as a supplemental appendix with the online version of CORR). For pain, we addressed knee pain on ascending or descending stairs and knee pain on sitting on or rising from the floor. We asked patients to check on a five-point Likert scale for each item. Allocated scores were 5 (no pain), 4 (mild pain), 3 (moderate pain), 2 (severe pain), or 1 (extreme pain). The function questionnaire addressed performance regarding seven high functional activities: ascending stairs, descending stairs, rising from the floor, rising from a low chair, cross-legged sitting, squatting, and kneeling. In a similar manner, we asked patients to check on a five-point Likert scale for each item; the allocated scores were; 5 (no difficulty), 4 (mild difficulty), 3 (moderate difficulty), 2 (severe difficulty), or 1 (extreme difficulty). We then defined the HFKS as the sum of the pain and function scores. HFKS ranged from 9 to 45 points (45 points being the highest possible score). A high HFKS indicated a high level of performance, with the least pain or difficulty during high-functional activities.
All TKAs were performed by the same surgeon (CWH) using the same technique. In each case, the surgeon used anterior referencing intramedullary instruments in preparation of the femur. The surgeon inserted an intramedullary femoral guide at the distal femur and performed 58 valgus cutting with respect to the femoral anatomic axis. The femoral component then was inserted along the transepicondylar axis. In addition, the surgeon referenced the posterior condylar axis and AP axis of Whiteside and Arima [28] . Patients underwent clinical assessments using the KS knee score and KS function score [12] , WOMAC [2] , the score proposed by Feller et al. [8] , SF-36 [19] , and the HFKS preoperatively, and postoperatively at 6 weeks, 3 months, 6 months, and 12 months, and annually thereafter. Data were collected by one independent, experienced research assistant (THS). The KS questionnaire includes items on functional ability, including walking distance, stair climbing ability, and use of walking aids. We used knee ROM, stability, alignment, and muscle power for calculation of KS clinical rating scores, which consist of separate knee and function scores ranging from 0 to 100 points (where 100 points is the best possible score). The KS function score allocates points for walking distance and stair-climbing ability and makes deductions for use of a walking aid; 100 points (the maximum allowed) represents an unlimited walking distance and normal stair-climbing ability without use of an aid. Regarding the KS knee score, we used Insall's modification made in 1993 [22] , which allocates 8°for each point in ROM, thus we regarded the maximum point as 93, which represents a stable, well-aligned, painless knee with 144°flexion. The WOMAC is a 24-item, self-administered health questionnaire specifically designed for patients with osteoarthritis of the knee or hip [2] . The WOMAC scoring system includes three categories that measure pain, joint stiffness, and physical function. WOMAC questions use a five-point Likert scale and scores are summed to obtain WOMAC scores. The maximum score possible is 96 points, which indicates a high level of difficulty or disability. Thus, we used an inverted scale of WOMAC to analyze the ceiling effect like other scoring systems. The questionnaire of Feller et al. [8] includes items on anterior knee pain, quadriceps strength, and ability to rise from a chair and climb stairs; these scores range from 3 to 30 points, with 30 points representing the best possible score. The SF-36 [18] includes a question asking patients to rate their current general health status compared with their status 12 months ago. Patients answer on a scale with five responses ranging from ''much better'' to ''much worse.'' The standardized method of calculating the SF-36 domains was used, so that each of eight subgroups had a score of 0 to 100 points, with 100 points representing the best possible score. Therefore, the scales of these various scoring systems have different values ( Table 2 ). The data set of this study cohort included complete preoperative and 12-month data. There were no missing data.
The ceiling is defined as the highest score of a scale, and the ceiling effect concerns the proportion of respondents who achieve the highest possible score [27] . To assess the presence of a ceiling effect, we calculated the percentage of patients who achieved the highest possible score for each of the five scoring systems, and investigated the score distributions using histograms and scatter plots.
Validity reflects the extent to which the instrument measures what it is purported to measure. Although the WOMAC and SF-36 are the only two well-validated tools Ascending or descending stairs  No pain  Mild pain  Moderate pain  Severe pain  Extreme pain   Sitting on or rising from the floor  No pain  Mild pain  Moderate pain  Severe pain  Extreme pain High-flexion knee function among the scoring systems included in this study, all of the included scoring systems have been used as reliable instruments in clinical research for measurement of knee status after TKA [3, 17] . Thus, we performed a convergent validity test of the HFKS by correlation analysis with these various scoring systems. Responsiveness of the HFKS was assessed by evaluation of whether changes in the scores of the HFKS showed correlation with changes in other scoring systems. To determine whether the HFKS can aid in differentiation of knee status of patients at the ceiling level, we dichotomized the cohort as two subgroups (patients at the ceiling level and those below the ceiling level), and compared the responsiveness of the WOMAC, SF-36 physical function, and HFKS among each other. We performed the Spearman rank correlation analysis using SAS 9.1.3 (SAS Institute, Cary NC, USA).
Results
The average scores of the five scoring systems were: KS knee score = 87. Table 2) . The percentages of patients who achieved a maximum score (ie, ceiling) were: KS knee society = 25%, KS function score = 43%, WOMAC = 0%, score of Feller et al. = 56%, and HFKS = 0%. However, the addition of HFKS to scores of the other scoring systems resulted in complete elimination of the ceiling effect for those systems ( Table 3 ). The histogram of the distributions of postoperative scores obtained using the various scoring systems showed the HFKS produced a normal distribution pattern, whereas the distribution pattern of other scoring systems skewed toward the ceiling, particularly for the KS knee and function scores,, and scores of Feller et al. (Fig. 1) . However, after addition of the HFKS to the other scoring systems, the scoring systems showed a near normal distribution pattern as the ceiling effect was almost eliminated (Fig. 2) . Scatter plots of the preoperative and postoperative scores of the HFKS and the various scoring systems clearly showed the ceiling effect of the KS knee and function scores, and score of Feller et al. as they level off over increasing HFKS, postoperatively (Fig. 3) .
The convergent validity test revealed the strongest correlation (r = -0.77), of the HFKS with the WOMAC in postoperative scores, whereas the others showed weaker correlation, with the score of Feller et al. showing the weakest correlation (r = 0.40) ( Table 4 ). Regarding the responsiveness of the HFKS, changes in the HFKS showed moderate correlation with the changes in the WOMAC and SF-36 physical function, whereas weak correlation was observed with the KS knee and function scores and score of Feller et al. (Table 5 ).
Subgroup analysis of patients at and below the ceiling levels revealed the correlation of WOMAC score and SF-36 physical function score for patients at the ceiling level of the KS knee and function scores was reduced compared with the correlation at below the ceiling range, whereas the HFKS maintained moderate correlation with the SF-36 physical function score, even at the ceiling level of the KS knee and function scores ( Table 6 ).
Discussion
Various scoring systems currently used show a ceiling effect as the functional status of knees improves after TKA. Thus, the current scoring systems might not differentiate between patients at the ceiling level with different levels of knee function after TKA. We therefore developed the HFKS to eliminate the ceiling effects with current scoring systems. Therefore, the purposes of this study were (1) to determine whether the HFKS eliminates the ceiling effect, (2) to assess the validity and responsiveness of the HFKS, and (3) to determine whether the HFKS can aid in differentiation of knee status of patients at the ceiling level.
The limitations of our study should be addressed. First, we included items in the HFKS based on our experience. Although the items were not selected through a formal item-generation or selection process, we believe the HFKS includes the most important items regarding the knee status in the high-flexion range. The fact that we found a correlation of the HFKS with the validated WOMAC score and SF-36 physical function score suggests the items selected were reasonable. Second, we assessed the validity of the HFKS by correlation analysis of the HFKS with other well-known or well-validated scoring systems. However, this method may not be sufficient for validating a new scoring system; therefore, additional studies for thorough validation of the HFKS are needed. Third, the HFKS did not incorporate the intensity and frequency of activities, and we did not evaluate the activity level of the patients with scales (eg, the activity scale developed by Tegner and Lysholm [26] ). The HFKS is focused on evaluation of knee status; therefore, it can reflect only the status of the knee, and not the functional status of the patient. However, we found the HFKS eliminated the ceiling effect of well-known scoring systems, and had good correlation and responsiveness with those systems. Therefore, we believe the HFKS is a novel tool for evaluation of knees in the high-function range. Fourth, we do not have data for the HFKS in a normal healthy population and the effect of aging of patients on the HFKS. Additional investigations of these topics are needed. Fifth, items in the HFKS include activities that are not commonly performed during activities of daily living in Western countries, such as kneeling or squatting. Accordingly, the percentage of patients at the ceiling level (maximum score) might be different or the ceiling level might be 80 to 90 points in Western populations. However, we believe the scoring system should include those activities for differentiation among knee functional status in the high-flexion range. Highly performing patients need their knees to allow high-flexion activities such as gardening, golfing, or praying, even in Western countries. We believe the difference in the capability of performing those activities is shown only by a scoring system like the HFKS. However, the relative importance of various features would likely differ from culture to culture and perhaps even within a given culture depending on various patient expectations. We identified a ceiling effect of the current scoring systems, confirming previous reports suggesting most patients who have had TKAs score greater than 80 points at any time after surgery [12, 23, 29] . However, there is no reliable outcome measuring tool to specifically evaluate knee status before and after TKA that differentiates knee status in the ceiling range. We found the HFKS exhibited no ceiling effect, but rather yielded a wide range of scores around a relatively central mean. These observations suggest its usefulness as a scoring system. In addition, the distribution of the HFKS more closely follows a normal distribution than the other scoring systems, which award scores toward the high end of their scales. In our study the mean KS function score was 94.1 and scores fell in a narrow range at the top end of the scale. Regarding the difference between the KS function score and the HFKS, 86 knees (43%) scored 100 points. Of these 86 knees, 43 (50%) scored between 31 to 33 and 27 (31%) were between 34 to 36 in the HFKS, presumably because of some functional limitation or discomfort experienced during high-function activities like sitting cross-legged, squatting, or kneeling. Using current scoring tools, the difference in knee status in this high-function range cannot be shown. In these kinds of cases, the HFKS shows that knee function is suboptimal in the high-function range. Furthermore, although pain and function of the knee are much improved after TKA according to currently used outcome tools [1, 13, 16] , patient satisfaction is only approximately 85%. We believe the use of the HFKS allows identification of some of the unsatisfactory aspects of the outcome after TKA, which is a first step toward further enhancing the outcome of TKA. Furthermore, we found that adding the HFKS to the score of each of the other scoring systems eliminated the ceiling effect in each case and improved the score distributions; therefore, we believe that, in addition to being useful on its own, the HFKS could be used in conjunction with established scoring systems. We confirmed the validity and responsiveness of the HFKS. As the convergent validity test revealed a correlation of the HFKS with the WOMAC in postoperative scores, and as the WOMAC and SF-36 were reported as more valid measures of outcomes of TKA than the KS knee and function scores [17] , the HFKS appears to be a reasonable tool for evaluating the status of the knee after a TKA. The analysis of the responsiveness of the HFKS assessed by evaluation of whether changes in the scores of the HFKS showed correlation with changes in other scoring systems also revealed reasonable correlation between the change in HFKS and the changes in WOMAC and SF-36. Among a few different measures for evaluation of responsiveness, including the internal responsiveness statistics (paired t-test, effect size, or standardized responsiveness mean) and the external responsiveness statistics (area under the receiver operating characteristic [ROC] curve, correlation, or linear regression) [11, 20, 25, 30] , the correlation method was used in the current study and also by Corzillius et al. [5] and Lingard et al. [17] . We believe the correlation method is appropriate for our study, because it reflects the extent to which changes in a measure over a specified time relate to corresponding changes in a reference measure of health status (SF-36 physical function in the current study), which is important to patients [11] . Therefore, this study suggests the HFKS will be a valid outcome measure for evaluation of knees after TKA.
Our data suggest the HFKS differentiates among the status of knees in the high-function range. The WOMAC score has been well validated and addresses activities of daily living, but it does not seem to consider knee status in the high-function range. Although the WOMAC score showed no ceiling effect, the subgroup analysis suggests better function of the HFKS in differentiating the knee status in the ceiling range.
The HFKS appears to be a valid scoring system for evaluating knee status in the high-flexion range. Our data suggest the HFKS differentiates knee status in the highfunction range and eliminates the ceiling effect of the currently used scoring tools. It may be a useful tool when used in combination with other scoring systems.
